The effects of firing and reduction conditions on swelling and iron whisker growth were investigated. The iron oxide compacts sintered in air were reduced in the tubular high temperature reactor by carbon monoxide or hydrogen. The experimental results showed that catastrophic swelling was suppresed by increasing the firing temperature or the firing time at moderate firing temperatures. The severest swelling happened in the reduction temperature of 900-1 000°C with carbon monoxide. No catastrophic swelling was observed when hydrogen was used as the reducing gas. The SEM micrographs showed that catastrophic swelling was caused by a large amount of long whiskers formed during the reduction. The number of nucleation sites of whisker growth was limited when the firing temperature was increased above 1 000°C, which also suppressed catastrophic swelling. On the basis of exprimental data and SEM results, a conceptual diagram was formulated to describe the effects of firing and reduction conditions on iron whisker growth and swelling.
Introduction
The swelling of the reduced pellets or compacts is a common phenomenon during iron oxides reduction. About 20% swelling is accepted as normal because it does not cause problems in the blast furnace operations. 1) Catastrophic swelling, which may cause a volume increase of over 300%, leads to the disintegration and weakening of the reduced pellets and lower the gas permeability of the burden bed, thus causing serious difficulties in the blast furnace operation.
Many investigations have been made to clarify the mechamism of catastrophic swelling during the reduction of magnetite concentrate pellets. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Sharma et al. 17) observed that the swelling index increased with an increase in the porosity of the pellets fired at various temperatures and for different times. The pellets were fired in the temperature range of 1 000-1 350°C and soaked for different time intervals ranging from 10 to 80 min. Similar results on the effect of firing temperature and time on the swelling index were obtained from other investigations. [18] [19] [20] [21] Nasr et al. 22) fired pure Fe2O3 compacts at 1 100°C for 1 hour and then reduced them with CO at 700-1 100°C. The compacts went through a maximum swelling of 224% when 90% reduced at 900°C while a lower swelling value of 176% was obtained when completely reduced at this temperature. At all reduction temperatures swelling increased with an increase in reduction extent up to 90% where a maximum swelling value was obtained, followed by a small decrease in swelling when compacts were completely reduced. They concluded that excessive swelling was attributed to the carbon in metallic iron and iron carbide formed and their reactions with oxygen.
Singh and Bjorkman [23] [24] [25] studied the effect of reduction conditions on the swelling behavior of cement-bonded briquettes. It was observed that, under certain conditions, the briquettes containing fines generated from pellets during handling show a tendency to swell catastrophically when reduced at 900-1 000°C using CO. The extent of swelling was dependent upon a number of factors like reducing temperature, composition of briquettes, particle size of raw material, amount of cement and composition of reducing gas. SEM and optical micrographs did not show the formation of iron whisker as the cause of swelling; instead, swelling was due to the movement of iron ore particles away from each other. What is more, they pointed out that swelling took place only when the briquettes were reduced by carbon monoxide and the presence of hydrogen suppressed swelling. Nascimento 26) investigated the reduction of self-reducing pellets containing iron ore and charcoal under argon at 850-1 150°C. The reduction time was from 0.5 to 11 min. Catastrophic swelling was observed when carbon bearing iron ore pellets were reduced at temperatures below 1 100°C owing to the formation of whiskers of iron during the stage of transition from wustite to iron.
Much work on swelling during the reduction of iron oxide pellet has been carried out previously, but less work has been done on the mechanism of iron whisker growth which is the essential cause to swelling. Therefore, the aim of this study was to investigate the effects of firing and reduction conditions on catastrophic swelling and iron whisker growth during the reduction. © 2011 ISIJ
Experimental Work
The chemical composition and particle size distrubution of the iron oxide concentrate are given, respectively, in Table 1 and Fig. 1 . The mixture of powders and 8% distilled water was pressed into cylindrical compacts by hydraulic press at a pressure of 78 MPa. The compact size was 13 mm in diameter and 6 mm in height. The porosity of the green compact was 33-36%, which is close to that of the green pellets used in industry. The produced compact was dried in air for 5 hours at 125°C. XRD results show that the sintered compacts were completely oxided to Fe2O3. The sintered compact was isothermally reduced in a tubular furnace of 2.57 cm ID and 64 cm length with 300 ml/min reducing gas. The reduced compact was broken and examined by SEM. Figure 2 illustrates the exprimental system used in this investigation. All the experiments were repeated at least twice to ensure consistent results.
Two main evaluation parameters used in this investigation are defined as follows:
where ΔWt is the weight loss of sample at certain time and ΔWT is the total possible weight loss due to the removal oxygen in the compact;
........... (2) where Vi is the volume of the sample before reduction and Vf is the volume of the sample after reduction.
Results and Discussion
The strength of green pellets made of hematite and magnetite concentrates are strengthened by recrystallization of hematite particles. Magnetite is oxidized to hematite before recrystallization, which can change the solid surface properties crucial in the iron nuclei formation and whisker growth.
Effect of Firing Temperature
The magnetite concentrate compacts were fired in air at 900°C, 1 000°C and 1 100°C for 1 hour in order to examine the effect of firing temperature on the swelling and iron whisker growth. The fired compacts were reduced with pure CO at 900°C. The results of %reduction and swelling index are listed in Table 2 .
The results in Table 2 indicate that the swelling index decreases with an increase in the firing temperature in the range of 900-1 100°C when reduced to similar levels of reduction. Swelling became negligible when the firing temperaturature was increased to 1 100°C. The inner morphology of the reduced compacts was examined to investigate the reasons of compact volume change during the reduction based on the shape of formed iron from SEM micrographs shown in Fig. 3 .
It is seen that much more thin and long whiskers were formed from samples fired at 900°C and 1 000°C than those fired at 1 100°C. With an increase in the firing temperature, the formed whisker began to be clustered, as shown for samples fired at 1 000°C. At the higher firing temperature of 1 100°C, no long whiskers were observed and the product iron was porous and worm-shaped. The large amount of long whisker formed in the reduced compacts fired at 900°C and 1 000°C caused catastrophic swelling. While the firing temperature was increased to 1 100°C, no long whisker formed and no swelling occurred. These micrographs can be compared with those of the fired samples shown in Fig. 4 . Although it is not too apparent, the surface becomes more solid as the firing temperature increased and the porosity decreases. This appears to have caused the change in the extent of whisker growth with firing temperature observed in Fig. 3. 
Effect of Firing Time
A given pellet strength can be achieved either by firing it for a longer time at a modest temperature or at a high temperature for a shorter time. The strength is mainly dependent on the combination of porosity, oxidation and crastallization degree. The results for the effect of firing time at 900°C on the swelling behavior are shown in Table  3 .
It is seen that firing time between 60 and 300 min has little effect on swelling, and the SEM micrographs of the reduced samples were all similar.
The effect of firing time was then examined at a high firing temperature of 1 000°C. The results are shown in Table  4 and Fig. 5 .
The results in Table 4 show that the swelling index decreased with increasing firing time in this case. The SEM micrographs in Fig. 5 reveal that whisker growth is suppressed by increasing firing time at 1 000°C. A large amount of long whiskers are observed in Fig. 5(A) while a smaller amount of whiskers are seen in Figs. 5(B)-5(C). An increase in the firing time at this temperature reduces the number of the nucleation sites of iron whisker growth. The fact that a smaller amount of whiskers were formed without a significant shape change explains why long firing time suppressed swelling.
In Table 5 , it is seen that at higher firing temperature of 1 100°C, swelling is not significant even when the firing time is as short as 10 min and swelling index decreases with increasing firing time. In Fig. 6(A) , it is seen that a small number of short whiskers were formed in the compact fired at 1 100°C for 10 minutes. For samples with long firing times, no whiskers were formed. In the compact fired for 20 minutes, worm-shaped iron was formed on the surface of the solid. In these samples, no catastrophic swelling occurred in the absence of iron whisker. From Fig. 7 , it is observed that swelling started after the reduction degree reached 20%. After that, the swelling index increased with reduction degree and reached a maximum when the reduction degree is around 83%. With further reduction, the swelling index decreased slightly.
Effect of Reduction Time
From the SEM micrographs in Fig. 8(A) , it is observed that when reduction degree reached 38%, a few whiskers were observed on the surface of particles without significant shape change. The SEM micrographs in Figs. 8(B)-8(D) showed that, with further reduction, more and more whisker was formed and grew, which caused swelling followed by the disintegration of the particles in the reduced compact. In Fig. 8(E) , the reduced iron existed in the form of long whiskers which caused catastrophic swelling. When reduction continued, the whiskers begin to be sintered together and the swelling index decreased slightly as shown in Fig. 7. 
Effect of Reduction Temperature
It was observed that swelling was severest at 80-90% reduction when the sample was reduced at 900°C. In the next series of experiments, the effect of reduction temperature on swelling and iron whisker growth was examined in the range of 800-1 100°C with samples fired at 1 000°C and for 60 minutes.
From Fig. 9 and the results in Table 6 , we found that at the same firing condition, the swelling of the compacts is the severest at 900°C when the compacts were reduced to almost the same reduction degree. It is noted at 800°C that reduction degree is lower than the other cases. It would take a long time to reach the reduction degree above 80% although we believe that no severe swelling would happen even after it reach above 80% reduction degree.
In the four cases with different reduction temperatures shown in Fig. 10 , the SEM micrographs show different morphologies. A large amount of whiskers are seen in the compact reduced at 900°C while no metallic iron whiskers were found in the compact reduced at 1 100°C. When the reduction temperature is 800°C, a limited amount of long whiskers are seen while a large mount of shorter whiskers are observed. It is possibly due to a lower reduction rate, which may provide an opportunity for nucleation to occur at more sites. Therefore, swelling is not severe at 800°C. When the reduction temperature was increased to a moderate value, a large amount of long whisker are found in the compact reduced at 900°C, which caused catastrophic swelling. Although a large amount of whiskers are also seen at 1 000°C, the formed whiskers are clustered together instead of being separate as observed at 900°C. That is why swelling index decreases while reduction temperature is increased to 1 000°C. There is no whisker found and no swellling occurred at 1100°C. The difference in morphology among firing times is possibly due to the high temperature sintering of formed iron.
Reduction of Iron Oxide with Hydrogen
Previous investigators obtained that swelling index decreases in the presence of hydrogen. [23] [24] [25] The reduction rate is fast when H2 is present in the reducing gas, and metal bond resists against swelling.
26) The results of experiments carried out in this work are in agreement with these previous results. [23] [24] [25] [26] From the results in Table 7 , it is seen that the sintered compacts were reduced to the similar reduction degree (80-90%) at 800-1 100°C, but little swelling occurred in all cases.
The SEM micrographs in Fig. 11 indicated that with an increase in reduction temperature, the reduced particles became more porous at similar degrees of reduction as the reduced iron sinters to higher extents. 
Conceptual Diagrams of Swelling and Whisker Formation
The reduction of iron oxide starts at nuclei that are formed on the exposed surfaces of iron oxide surface. The number of nuclei forming per unit surface area depends on the surface chemical and physical properties, such as scratches, lattice defects, and the presence of the impurities. The formation of nuclei is favored at sites where the lattice structure has been distorted by impurites, line defects, and mechanical deformation. Consequently, nuclei form more readily on the grain boundaries, edges and corners of the particles than on the defect-free regions of the crystals. 27) On the basis of the experimental results, a conceptual diagram will be illustrated and used to explain the morphological changes with various experimental conditions. In these diagrams, the filamentary shape denotes the reduced iron formed as whiskers; the smaller dots denote the reduced iron formed as a layer on the solid surface starting from active sites. Figure 12 illustrates the conceptual diagram that explains the effect of firing temperature on swelling and iron whisker growth.
The effects of firing temperature and time on the morphology of the solids in the sintered compacts are examined by checking the change of the whisker growth when reduction temperature is fixed. When firing temperature is 900°C, the results indicate a large amount of long whiskers are formed. The growth of long whiskers can separate the particles and increase the distance among the particles, which causes catastrophic swelling of the compact. When firing temperature is increased to 1 000°C, fewer long whiskers form when compared with at 900°C. The number of long whiskers decreases while part of reduced iron forms layers on the solid surface. This explains the lower swelling index at 1 000°C. When the firing temperature is further increased to 1 100°C, there are no long whiskers formed and no swelling occurred, as the reduced iron forms layers on the solid surface.
The conceptual diagram of the effects of reduction conditions is illustrated in Fig. 13 .
As discussed in the effect of firing temperature on swelling and iron whisker growth, the number of long whiskers is the key factor in swelling. At 800°C, as shown in Case A in Fig. 13 , the length of most formed whiskers is short although it is large in number, and swelling is not severe. At 900°C, as shown in Case B, a large amount of long whiskers seen in the reduced compacts explains why swelling is the severest. Although a lot of long whiskers are also seen at 1 000°C, the distribution of long whiskers is clustered instead of being separate, as shown in Case C, and swelling is less at 1 000°C. At 1 100°C, the reduced iron forms layers on the solid surface, as shown in Case D, and thus no swelling occurred at 1 100°C.
There is no whisker formation and swelling when the reduction is conducted in the presence of H2. The reduced iron was formed in the shape of layer on the solid sureface. There is some difference in the morphology with an increase in the reduction temperature at similar reduction degree, as shown in Fig. 11 .
Conclusions
The effects of firing and reduction conditions on the swelling index and metallic iron whisker growth have been investigated. This study firstly made progress on illustrating catastrophic swelling by the detailed description of the iron whisker growth, which explains well the change of swelling index. The following conclusions were drawn from the results of this work:
(1) The catatrophic swelling is caused by a large amount of long whisker growth.
(2) The swelling index decreased with an increase in firing temperature and time. It is suppressed by an increase in firing temperature and firing time. The SEM results showed that an increase in firing temperature and time decreases the number of the preferential sites of iron whisker growth.
(3) The swelling index decreased with an increase in reduction temperature. The SEM results showed that an increase in reduction temperature decreases the number of long iron whisker growth.
(4) Reduction by H2 causes no formation of long iron whisker and no swelling.
(5) A conceptual diagram has been formulated to describe the effects of firing and reduction conditions on the iron whisker growth and pellet swelling.
(6) The change in swelling index can be explained well by the number and distribution of iron whisker, as shown in the conceptual diagrams formulated in this work. 
